Abstract. The effect of stressors on biodiversity can vary in relation to the degree to which biological communities have adapted over evolutionary time. We compared the responses of functional features of stream insect communities along chronic stress gradients with contrasting time persistence. Water salinity and land use intensification were used as examples of natural (long-term persistent) and anthropogenic (short-term persistent) stressors, respectively. A new trait-based approach was applied to quantify functional diversity components and functional redundancy within the same multidimensional space, using metrics at the taxon and community levels. We found similar functional responses along natural and anthropogenic stress gradients. In both cases, the mean taxon functional richness and functional similarity between taxa increased with stress, whereas community functional richness and functional redundancy decreased. Despite the differences in evolutionary persistence, both chronic stressors act as strong nonrandom environmental filters, producing convergent functional responses. These results can improve our ability to predict functional effects of novel stressors at ecological and evolutionary scales.
INTRODUCTION
Predicting ecosystem responses to environmental change is one of the most challenging tasks that ecologists face. The effects of stressors on biodiversity can vary in relation to the degree to which biological communities have adapted over evolutionary time (Buchwalter et al. 2008 , Garbuz et al. 2008 , Gutie´rrez-Ca´novas et al. 2013 . Although stress may trigger microevolutionary responses even acting at the short term (millennia to decades, as reported by Bradshaw and Holzapfel 2006 , Cothran et al. 2013 , Breckels and Neff 2014 , Higgins et al. 2014 , long-term persistence of stressors plays a crucial role in speciation (Parsons 2005) and stress tolerance acquisition (Jump and Pen˜uelas 2005 , Buchwalter et al. 2008 , Garbuz et al. 2008 . Therefore, the adaptation to stress could be considered as a continuum over time, representing anthropogenic (,10 000 yr) and natural stressors (long-term persistent) as different steps along such an axis.
Ecological theory predicts nonrandom species sorting in association with environmental filters, determined by species traits (Southwood 1977 , Shipley et al. 2006 , Weiher et al. 2011 , Mouillot et al. 2013 ). As functional features (i.e., within-taxon trait mean and variability) conferring stress tolerance arise in response to highly selective environmental filters (Buchwalter et al. 2008 , Rodrigues et al. 2013 , it is likely that some of the functional attributes of communities subjected to natural, long-term persistent stressors may be similar to those related to relatively new, short-term anthropogenic stressors. Furthermore, previous studies have documented that traits conferring natural stress tolerance can also grant a species the ability to tolerate novel stressors (Badyaev 2005 , Buchwalter et al. 2008 , Arribas et al. 2014 . In both cases, a subset of biological features will be shared among the different organisms that inhabit naturally and anthropogenically stressed environments (Southwood 1977 , Odum 1985 , Stanton et al. 2000 . These commonalities should result in similar trends of functional features along stress gradients, irrespective of the degree to which a species has adapted and specialized over evolutionary time (i.e., to a natural or anthropogenic stressor). In this case, stress would act as a strong nonrandom environmental filter that configures trait evolution and community functional properties. Otherwise, the functional features of naturally and anthropogenically stressed ecosystems would show clear divergences, reflecting a differential filtering process during colonization and adaptation. Functional measures at the community level are related to ecosystem functioning and stability (Hooper et al. 2005) and are able to reflect nonrandom community assembly processes (Ville´ger et al. 2008) . For example, whole-community functional diversity measures, such as functional richness and divergence, or functional redundancy, are predicted to decrease with increasing environmental filtering (Weiher et al. 2011 , Mouillot et al. 2013 ). However, these measures are generally estimated using mean trait values for each taxon, despite the fact that some studies have demonstrated the importance of within-taxon trait variability to better explain community assembly (Stubbs and Wilson 2004, Violle et al. 2012) . Therefore, the advantages of using within-taxon functional measures are twofold: (1) improving whole-community measures, and (2) allowing the estimation of new functional measures at the taxon level. As an example of the first case, within-taxon trait information provides a direct measure of community functional overlap among taxa (i.e., functional redundancy), eliminating the need to classify species into functional groups, which may result in some loss of information (Ville´ger et al. 2008) . Regarding the second case, taxon functional richness can be estimated as the functional space filled by the variability exhibited by each taxon (Stubbs and Wilson 2004) . Taxa showing higher functional richness are more likely to be present in a wider range of environmental conditions than more functionally homogeneous taxa, which are thought to be more sensitive to environmental change (Scoville and Pfrender 2010, Latta et al. 2012) . Functional similarity between taxa is an additional within-taxon measure, which indicates the mean relative overlap between pairs of taxa in a community, thereby allowing detection of community assembly rules in relation to mean trait similarity. For example, limited similarity of coexisting species due to interspecific competition prevails under non-stressful conditions (MacArthur and Levins 1967, Stubbs and Wilson 2004) , whereas intense habitat filtering increases functional similarity between taxa (Weiher et al. 2011 , Maire et al. 2012 .
Here, we explored changes in community functional features along chronic stress gradients with contrasting time persistence. In particular, we compared changes in stream insect communities along a water salinity gradient (i.e., as a natural, long-term persistent stress) and across different land uses (i.e., as an anthropogenic, short-term persistent stress) as stress gradients, using within-taxon functional measures at the taxon (mean taxon functional richness and mean functional similarity between taxa) and whole-community (community functional richness, functional dispersion, and functional redundancy) levels. We selected streams as focal ecosystems because they are (1) well-defined and stable habitats over geological timescales, allowing long-term speciation (e.g., Arribas et al. 2014) ; and (2) characterized by marked environmental gradients in relation to which taxonomic and functional responses are detected (e.g., Dı´az et al. 2008 , Gutie´rrez-Ca´novas et al. 2013 .
METHODS
To study the functional responses of aquatic insects to natural and anthropogenic stresses, we chose one example of each type. As a natural stressor, we selected water salinity due to (1) its persistence over evolutionary time scales in the study region (Arribas et al. 2014) , and because (2) the relationships between salinity and the taxonomic and functional attributes of aquatic fauna are well known (Dı´az et al. 2008 , Milla´n et al. 2011 , Arribas et al. 2014 . As an anthropogenic stressor, we chose land use intensification because (1) it is one of the most important stressors that affects aquatic ecosystems worldwide (Sala et al. 2000 , Cooper et al. 2013 , and (2) it is closely associated with increasing human populations (Scanlon et al. 2007 ). Because stressors showing high temporal variability may yield complex ecosystem responses (Gutie´rrez-Ca´novas et al. 2013 ), we only selected chronic environmental stressors, which act as perennial habitat filters for the regional species pool.
We focused our study on western Mediterranean streams (Iberian Peninsula and Italy, see Appendix A: Fig. A1 ), gathering data from published work, gray literature, and our own resources (see Appendix A for further details). We selected this study area because (1) the regional pool of aquatic taxa is well known in terms of taxonomy, biological traits, and ecological responses (Dı´az et al. 2008 , Bonada and Dole´dec 2011 , Milla´n et al. 2011 and (2) it presents the natural (water salinity) and anthropogenic (land use intensification) stressors examined in this study (Bonada and Resh 2013) .
Environmental data sets
The salinity data set included unpolluted (i.e., drained catchments mainly covered with natural or semi-natural vegetation or nonirrigated crops), small (width , 10 m), mid-mountain and lowland streams (,1200 m above sea level) with a permanent flow (see Appendix A); these criteria resulted in a total of 105 sites. Some of these streams drain evaporitic catchments resulting in naturally highly mineralized waters (Milla´n et al. 2011) . The salinity gradient ranged from electrical conductivities of 100 lS/cm to near 300 000 lS/cm. We used the electrical conductivity of water as an indicator of osmotic stress.
The land use data set included perennial, freshwater (conductivity , 2500 lS/cm), small and intermediate (width , 40 m), mid-mountain and lowland streams (,1200 m above sea level; see Appendix A), resulting in a total of 102 sites. This data set contained streams that drain from natural vegetation catchments to highly modified catchments. We measured anthropogenic land use intensity as the sum of the percentage areas of crops under irrigation and urban land in the catchment 5 km upstream of each sampling point (i.e., the intersection between the entire catchment and a 5 km radius buffer centered on the sampling point). These two land uses have been associated with nutrient enrichment and habitat degradation at the scale we studied (Monteagudo et al. 2012) . These effects may not be completely new for the regional species pool, since nutrient enrichment usually produces an increase in salinity. However, despite the fact that these two stress gradients may have overlapping effects at conductivities ,2500 lS/cm, they affect organisms through increasing different physical and chemical mechanisms as both stresses intensify (Dı´az et al. 2008) . Land uses were obtained from the most up-to-date land use map that predated the time when the invertebrate sample was obtained (Corine Land Cover 1990 , 2000 layers).
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Biological data sets
We obtained community composition data from the sites where water salinity (105 sites) or land use data were available (102 sites), as indicated above. At each site, the taxonomic composition was obtained by pooling up to four samples that corresponded to different seasons. This approach is adequate to represent the mean annual community, even when samples are collected from only a single season . We focused our analysis on genera belonging to the main insect orders present in aquatic habitats (i.e., Coleoptera, Ephemeroptera, Hemiptera, Odonata, Plecoptera, and Trichoptera), as genus-level information is sufficiently accurate to study the functional diversity of rivers (Dole´dec et al. 2000 , Gayraud et al. 2003 . We excluded dipterans due to the paucity of detailed trait information on these species and their complex taxonomy (Pfenninger et al. 2007 ). The groups of insects considered in this analysis show contrasting ecological responses to stress that are associated with different biological traits (Harrison and Dobson 2008) , some of which are good surrogates for macroinvertebrate biodiversity in aquatic habitats (Sa´nchez-Ferna´ndez et al. 2006 , Dijkstra et al. 2014 .
To characterize the functional properties of the communities, we used a database containing information on 13 biological traits at the genus level (e.g., morphology, life history, aquatic stage, dispersal, resistance forms, respiration, locomotion, and feeding habits; see Appendix B). Eleven out of these 13 biological traits were obtained from Tachet et al. (2002) . The other two traits (i.e., body form and the degree of body sclerotization; see Appendix C), were codified for this study based on taxonomic expertise and published taxonomic keys (Tachet et al. 2002) . Each genus was coded according to the degree of affinity of each species with each trait category. To do this, we considered all biological information available within organisms belonging to each genus, using a fuzzy coding approach (Chevenet et al. 1994) . Before analyzing data, fuzzy coding data were converted to percentages of affinity for each trait. This procedure standardizes the potential differences in the codification scores (i.e., different row sums for each taxon and trait). More details on the environmental and biological data sets used here can be found in Statzner et al. (2007) .
Data analysis
We employed the following three matrix types to characterize the functional space: a presence/absence taxonomic matrix (hereafter, sites 3 taxa); a matrix containing the fuzzy coded trait profile for each taxon (hereafter, taxa 3 traits); and the resulting communitylevel trait matrix (hereafter, sites 3 traits) that represents the mean trait profile for each site.
We defined the functional space as a multidimensional Euclidean space where the axes summarized the variability of a subset of relevant traits that responded to both stressors, assuming that some trait features may be necessary to establish and maintain viable populations in stressful habitats. To define this space for each type of stressor, we calculated the Pearson correlation coefficients between trait categories and the stress intensity for each data set separately using the sites 3 traits matrices. We retained the minimum set of traits with an average absolute coefficient of R ! j0.30j for both data sets (see Appendices B and C). Trait selection is necessary in all types of analyses to illustrate functional patterns clearly (Ville´ger et al. 2008) . Our aim was to use the same suite of traits to explore the response of functional features to both environmental gradients. Although this suite of traits might be different if only one type of stressor is considered, it is useful to illustrate how similar functional patterns would emerge in response to chronic stress when considering common relevant traits. The retained set included the number of generations per year, body form, and degree of sclerotization, to characterize functional niches (see Appendix C). The number of generations per year is positively related to resilience to disturbance (Southwood 1977) . Body form and the degree of sclerotization play a fundamental role in dispersion, as fully sclerotized and robust adults are able to avoid desiccation during flight (Harrison and Dobson 2008) . Body form is also related to hydraulic stress (Lamouroux et al. 2004) , and the degree of sclerotization is related to resistance against physical and chemical impacts (Hopkins and Kramer 1992) .
We developed different R functions (R Development Core Team 2013) to estimate five functional measures based on within-taxon trait information to account for the changes in the functional space at the taxon and at the whole-community levels (see Appendix D and Supplement for details). Mean taxon functional richness and mean functional similarity between taxa were calculated at the taxon level, while functional richness, functional dispersion, and functional redundancy were quantified at the whole-community level. Mean taxon functional richness measures the mean capacity of the taxa belonging to a community to fill the functional space. It ranges from zero in the absence of taxa to higher values when the community is composed of functionally variable taxa that fill a high extent of the functional space. Mean functional similarity between taxa represents the relative overlap between taxon pairs. It goes from zero when there are no taxa or when the occurring taxa are functionally distinct (no overlap) to one when all the taxa composing community are functionally identical. Community functional richness estimates the filling of the functional space. It ranges from zero when there are no taxa to higher values when organisms show highly different trait values. Community functional dispersion is a measure of the distribution of taxa in the functional space. It reaches zero in absence of taxa, presenting higher values when there are taxa with traits differing greatly from the mean community values. Finally, community functional redundancy quantifies the degree of niche overlap in the functional space. This variable is zero in the absence of taxa or when there is no overlap between taxon pairs, reaching higher values when there are many functionally similar and diverse taxa.
The relationship between these functional measures and stressor gradients was tested using generalized linear models (GLMs), assuming a Gaussian distribution of the dependent variables (see the Supplement). We only evaluated linear relationships between dependent and independent variables to test our initial predictions. For the mean functional similarity between taxa, we selected sites with a taxonomic richness .1 to avoid potential bias, as the mean functional similarity ¼ 1 when taxonomic richness ¼ 1. The mean functional similarity between taxa and functional redundancy were logtransformed to improve linearity with stressors. The predictors were z-standardized (mean ¼ 0 and standard deviation ¼ 1) after appropriate transformations (logtransformation for conductivity and arcsine square-root transformation for the percentage of land use intensity).
Null models
A relationship between stress and functional variables can be found simply as a result of an underlying taxonomic richness gradient (Ville´ger et al. 2008 (Ville´ger et al. , 2011 . This uncertainty is due to the probability of finding more or fewer trait categories solely as a consequence of the number of taxa (i.e., sampling effect). To assess the nonrandomness of the observed trends, empirical parameters should be distinct from those resulting from relating the stress intensity to functional variables obtained after randomizing communities with the same richness gradient and taxon frequency of occurrence but a random composition. To perform this assessment, we assembled 999 artificial communities in which taxa were drawn randomly from the taxonomic pool for each data set with fixed row (taxon richness) and column (taxon frequencies) totals (Ulrich and Gotelli 2007). For each simulation, we calculated the mean taxon functional richness, mean functional similarity between taxa, community functional richness, community functional dispersion, and community functional redundancy, and re-examined their relationship with the putative stressor to obtain the intercept and slope for each relationship (i.e., using the same procedure as for the empirical data). We examined the null model's statistical significance using an exact two-tailed test to estimate the probability that the observed value would be significantly (a ¼ 0.05) greater or smaller than the null distribution.
All statistical analyses were performed in R (ade4, plyr, and vegan libraries; R Development Core Team 2013).
RESULTS
The models relating functional features to natural and anthropogenic stressors were all significant and showed similar patterns, regardless of the type of stressor (Table  1 and Fig. 1 ). In general, more deviance was explained in the salinity data set models (16.1-71.6%) than in the land use data set models (12.8-40.7%). The functional features that were best explained by stress were community functional richness (salinity, 71.6%; land use: 36.4%) and functional dispersion (salinity, 69.1%; land use, 40.7%), followed by the mean functional similarity between taxa (salinity, 65.1%; land use, 19.0%). Stress explained less of the deviance in the mean taxon functional richness (salinity, 35.9%; land use, 12.8%) and community functional redundancy (salinity, 16.1%; land use, 22.9%).
Functional features showed similar trends in response to natural and anthropogenic stressors (Fig. 1, Table 1 ). The mean taxon functional richness and mean functional similarity between taxa (both measured at the taxon level) showed positive slopes in relation to stress intensity for the salinity and land use data sets. In contrast, the three features measured at the wholecommunity level (i.e., community functional richness, functional dispersion, and functional redundancy) showed negative slopes in relation to stress intensity in both data sets (Fig. 1) .
The empirical model parameters were generally distinct from those obtained from models relating simulated functional attributes to stressors, reflecting nonrandom changes along natural and anthropogenic stress gradients (Table 2) ; of the intercepts and slopes for the empirical models, 9 out of 10 were significantly distinct from the null distributions. For the salinity data set, the intercept of the mean taxon functional richness models was indistinguishable from the null distribution (z score ¼ 1.32; P ¼ 0.105), whereas for the land use data set, the slope of the functional dispersion (z score ¼ À1.41; P ¼ 0.087) model was not significantly different from the null distribution. For both data sets, the empirical slopes showed significantly higher values for the mean taxon functional richness (salinity, z score ¼ 4.04, P ¼ 0.001; land use, z score ¼ 3.37, P ¼ 0.001), mean functional similarity between taxa (salinity, z score ¼ 7.02, P ¼ 0.001; land use, z score ¼ 2.48, P ¼ 0.006), and community functional redundancy (salinity, z score ¼ 8.54, P ¼ 0.001; land use, z score ¼ 1.75, P ¼ 0.049), while the slope of the empirical models relating community functional richness to stress showed significantly lower values (salinity, z score ¼À6.42, P ¼ 0.001; land use, z score ¼ À1.72, P ¼ 0.048).
DISCUSSION
The functional properties of communities responded similarly along natural and anthropogenic gradients of stress. These changes included a greater mean taxon functional richness and mean functional similarity between taxa, and a lower community functional richness and functional redundancy associated with increased stress. These results highlight the importance of deterministic processes of trait filtering during the different stages of colonization and the response and adaptation to chronic stress over time. The similarity of the responses observed here indicates that the two types of stress constrain functional features of organisms and communities in an analogous manner, regardless of the evolutionary adaptations acquired over geological time, and stress would therefore act as a template that configures trait evolution and community functional properties.
At the taxon level, we found that both types of stress progressively selected taxa showing more trait variability (higher mean taxon functional richness) and more homogeneous functional traits (higher mean functional similarity between taxa). Previous studies have found that trait variability can facilitate adaptation to novel or stressful environments, enhancing ecological tolerance (Badyaev 2005 , Scoville and Pfrender 2010 , Latta et al. 2012 . In fact, adaptation to stressful habitats could arise from ecological generalization (Latta et al. 2012) , where colonizers would benefit from low predation pressure and low interspecific competition. Similarly, we found higher mean functional similarity between taxa as stress increased. For each trait, habitat filtering reduces overdispersion, producing a convergence toward the optimum value (Shipley et al. 2006 , Weiher et al. 2011 . Accordingly, recent studies have found that stress causes functional homogenization of plants (e.g., Maire et al. 2012) , fish (e.g., Pool and Olden 2012), and birds (e.g., Luck and Smallbone 2011).
We also found similar trends for functional measures estimated at the whole-community level (community functional richness and functional redundancy) in response to natural and anthropogenic stressors. This result indicates that stress is a factor that constrains community assembly similarly during the colonization process and over evolutionary time. In benign environments, assembly rules shift over evolutionary time as evolution enhances functional diversification, progressively filling the functional space (Ville´ger et al. 2011 ). In our study, the stress intensity reduced the range of the functional space filled by the community, due to nonrandom environmental filtering. This process sorted the species located in certain parts of the functional space, particularly those occurring at extreme positions along the axes. However, for community functional dispersion, we found that the slope of the land use data set was indistinguishable from those resulting from null models. Previous studies have reported both random and nonrandom reductions in functional richness with increased anthropogenic stress. For example, Flynn et al. (2009) detected nonrandom changes in functional richness with land use intensification for animals but not for plants.
Our results also showed that stress diminished community functional redundancy to a lesser extent Notes: The significance of the linear coefficients (P) and the percentage of explained deviance are also shown for each model. Salinity data set, n ¼ 105; land use data set: n ¼ 102.
than expected by chance, revealing nonrandom filtering of taxa with traits placed in the most sensitive regions of the functional space and producing a net reduction in niche overlap among taxa, while the remaining species were progressively more similar (i.e., mean functional similarity between taxa increased). Other studies have found a decrease in functional redundancy along anthropogenic stress gradients for plants (e.g., Laliberte´et al. 2010) , soil microbes and invertebrates (e.g., Salminen et al. 2001) , and aquatic invertebrates (e.g., Schmera et al. 2012) . Species are able to colonize and adapt to less stressful habitats through trait diversification and speciation, thus increasing functional redundancy over evolutionary time as a result of increasing both the number of species and functional identities (Ville´ger et al. 2011) . Conversely, the similarity of the response to long-term and anthropogenic persistent stressors supports the idea that habitat filtering constrains trait evolution in organisms residing in stressful habitats, resulting in high inter-taxon similarity, as observed here, but reducing the chances for species to colonize or adapt to these environments, Table 1 for model details). Salinity data set, n ¼ 105; land use data set, n ¼ 102.
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We found that multivoltinism, a sclerotized body, and flattened and cylindrical forms may allow organisms to colonize and survive in habitats subject to anthropogenic sources of stress (Southwood 1977 , Buchwalter et al. 2008 ). There might be two complementary hypothetical explanations for this phenomenon. The first one is that some of these traits, or even other non-analyzed covariating features, have evolved recently as a result of the high selective pressure. The other hypothesis is an adaptation through exaptation (i.e., a shift in the function of one trait during evolution to cope with novel conditions) over evolutionary time (Arribas et al. 2014) . In this case, the selected traits should be plesiomorphic (i.e., shared within members of the lineage) rather than apomorphic (i.e., an innovation within the lineage) because they are common in most organisms facing stresses of a different nature, including anthropogenic stressors (Southwood 1977 , Herbst 2001 . Recent evidence suggests that some lineages are more likely to withstand stressful conditions than expected by chance due to the presence of certain traits that enhance stress tolerance (Garbuz et al. 2008 , Arribas et al. 2014 . For example, among insects, many Coleoptera and Diptera species have aquatic stages adapted to a wide array of stress types. The larvae of the Chironomidae species (Diptera) are extremely ubiquitous in being able to withstand both natural (e.g., Milner et al. 2011 ) and anthropogenic stresses (e.g., Carew et al. 2007 ). There are other good examples among species of the families Stratiomyidae and Culicidae (Diptera) or Dytiscidae and Hydraenidae (Coleoptera) (Bradley 2008 , Garbuz et al. 2008 . All these species are frequently multivoltine, and in some cases have a cylindrical, flattened or sclerotized body, as observed here. Further experiments should test the role of microevolutionary processes in the adaptation to new stressors, and if these three traits confer species tolerance to other sources of stress or even to multiple interacting stressors to allow for a more mechanistic modelling of the biological responses to environmental change.
The initial selection of traits is often critical when estimating the functional properties of communities along environmental gradients (Ville´ger et al. 2008) , as the choice of unimportant traits can increase the probability of finding random response patterns. First, there is a probability of finding a significant functional pattern in response to environmental change simply as a result of the underlying relationship between taxonomic and functional diversities (e.g., the probability of finding rare traits in depauperate communities can be lower just by chance and not due to environmental filtering). Second, unimportant traits may obscure the functional pattern arising in response to stress, leading to a loss of explanatory power. For these reasons, we selected a suite of traits that are relevant to passing environmental filters along the studied gradients, using empirical data and mechanistic links. Additionally, we tested the nonrandomness of the relationship between functional features and stress using null models where functional features were recalculated using simulated communities with a fixed taxon number and frequency. For these reasons, we suggest that the similarity in the functional trends found here may arise from analogous assembly rules operating during colonization and over time.
Here, we demonstrated how chronic stress can be a major driver of nonrandom changes in the functional features of communities, irrespective of whether the stressor is natural (i.e., persistent over evolutionary time) or anthropogenic (i.e., short-term persistent). Our results suggest that ecosystems under intensified stress will exhibit functionally homogeneous communities composed of taxa showing wider functional niches. Functional homogenization can have consequences for ecosystem functions, particularly decreases in or a loss of stability of those functions in which stress-sensitive species are involved (Hooper et al. 2005 ). In addition, functionally specialized species are more likely to be lost due to stress intensification (Clavel et al. 2011, Pool and Olden 2012) . The interaction between the intensification of human activities and the effects of ongoing global change will increase the number and the intensity of novel stressors that ecosystems will face in the near future. The approach employed here can be useful to anticipate to the functional consequences of novel stressors, contributing to making ecology a more predictive science.
